Flowering is a critical period in the life cycle of flowering plant species, resulting in an irreversible commitment of significant resources. Wheat is photoperiod sensitive, flowering only when daylength surpasses a critical length; however, photoperiod insensitivity (PI) has been selected by plant breeders for >40 years to enhance yield in certain environments. Control of flowering time has been greatly facilitated by the development of molecular markers for the Photoperiod-1 (Ppd-1) homeoloci, on the group 2 chromosomes. In the current study, an allelic series of BC 2 F 4 lines in the winter wheat cultivars 'Robigus' and 'Alchemy' was developed to elucidate the influence on flowering of eight gene variants from the B-and D-genomes of bread wheat and the A-genome of durum wheat. Allele effects were tested in short, natural, and extended photoperiods in the field and controlled environments. Across genetic background and treatment, the D-genome PI allele, Ppd-D1a, had a more potent effect on reducing flowering time than Ppd-B1a. However, there was significant donor allele effect for both Ppd-D1a and Ppd-B1a, suggesting the presence of linked modifier genes and/or additional sources of latent sensitivity. Development of Ppd-A1a BC 2 F 4 lines derived from synthetic hexaploid wheat provided an opportunity to compare directly the flowering time effect of the A-genome allele from durum with the B-and D-genome variants from bread wheat for the first time. Analyses indicated that the reducing effect of Ppd-A1a is comparable with that of Ppd-D1a, confirming it as a useful alternative source of PI.
Introduction
In bread wheat (Triticum aestivum L.), Photoperiod-1 (Ppd-1) genes on the group 2 chromosomes (2A, 2B, and 2D) condition response to daylength, with the three loci being homoeoallelic and functionally similar (Law et al., 1978) . Photoperiod-insensitive (PI) wheat flowers rapidly in both short and long days, whereas photoperiod-sensitive (PS) wheat is delayed in short days, flowering rapidly in long days. Selection for flowering time as an adaptation factor depends largely on regional climatic conditions. Early flowering facilitates early season resource capture (Addisu et al., 2010) , avoiding reduced grain fill associated with late season drought stress (Kato and Yokoyama, 1992) and high temperatures (Bennett et al., 2012) , particularly in variable environments (Dyck et al., 2004) . It is also advantageous where the onset of monsoonal rains can cause crop/yield losses due to pre-harvest sprouting (Kato and Yokoyama, 1992) . In contrast, where summers are relatively cool with a late dry season, a long vegetative phase coupled with late flowering is favoured to maximize yield (Kato and Yokoyama, 1992) . Beales et al. (2007) showed that Ppd-1 is an orthologue of the Ppd-H1 gene in barley [a member of the pseudo-response regulator (PRR) gene family; Turner et al., 2005] and that the widely used PI Ppd-D1a allele has a 2 kb deletion upstream of the coding region associated with misexpression of the gene and induction of the floral activator FT1 in short days (Beales et al., 2007) . In accepted convention, alleles conferring a PI phenotype have an a suffix [e.g. Ppd-D1a (McIntosh et al., 2003) ], whilst wild-type alleles are assigned a b suffix. PpdD1a is thought to have been introduced into European germplasm via the Italian breeding programmes of Strampelli early in the 20th century (Worland, 1999) , and more recently distributed within worldwide breeding programmes through the distribution of CIMMYT germplasm. Although the PpdD1a allele is generally considered to have a stronger effect, for example it causes earlier flowering in short days than the Ppd-B1a allele from 'Chinese Spring', Tanio and Kato (2007) described a Ppd-B1a mutation from the Japanese cultivar 'Fukuwasekomugi' that was at least as early flowering. Nishida et al (2013) have recently characterized a Ppd-B1a allele (a 308 bp insertion in the 5'-upstream region) tracing back to the Japanese landrace 'Shiroboro21', suggesting that an allelic series of PI mutations exists. Diaz et al. (2012) reported that Ppd-B1a alleles conferring early flowering from the 'Chinese Spring', 'Sonora64', and 'Récital' sources had an increased number of copies of Ppd-B1. This copy number variation appears to alter gene expression in a similar way to previously described PI alleles, but to a lesser extent.
Although no genetic locus has been defined for Ppd-A1 in hexaploid mapping populations, Wilhelm et al. (2009) described two PI alleles from tetraploid (durum) wheat: 'GS-100' Ppd-A1a and 'GS-105' Ppd-A1a. These alleles have deletions of 1027 bp ('GS-100') and 1117 bp ('GS-105') in a similar region of the upstream promoter to Ppd-D1a. In a glasshouse experiment under short days 'GS-100' and 'GS-105' mutations reduced time to 50% ear emergence by 35 d and 29 d, respectively (Wilhelm et al., 2009) , and by 1-2 d under field conditions in Canada (Clarke et al., 1998) . Similarly, a quantitative trait locus (QTL) associated with Ppd-A1a significantly reduced days to heading in a 'Kofa' ('GS-100' allele)×'Svevo' ('GS-105' allele) recombinant inbred line (RIL) population (Maccaferri et al., 2008) , suggesting that these alleles confer different degrees of PI. Bentley et al. (2011) reported the occurrence of both Ppd-A1a alleles in advanced durum breeding materials, proposing that they represent a novel, potentially useful source of earliness for hexaploid wheat, with exploitation aided by their presence in synthetic hexaploid wheat germplasm. More recently, Nishida et al. (2013) described a Ppd-A1a mutation (1085 bp deletion in the 5'-upstream region) in the Japanese hexaploid wheat cultivar 'Chihokukomogi' which is in a similar location to the deletions described by Wilhelm et al. (2009) , but appears to be unique to Japanese wheat and is proposed to have arisen via error-prone non-homologous end-joining of double-stranded breaks (Nishida et al., 2013) .
In addition to PI mutations, Beales et al. (2007) identified candidate null alleles for Ppd-A1 and Ppd-D1 in PS cultivars. In hexaploid wheat, functional copies at corresponding Ppd homeoloci may largely mask the effects of null alleles; however, it is possible that they induce quantitative delays in flowering analogous to the effect of a mutation in barley (Turner et al., 2005; Beales et al., 2007) .
Previous studies have detailed germplasm development for major Ppd alleles with assessment under a range of photoperiods. Worland (1996) showed that Ppd-D1a accelerated flowering by 4-8 d over multiple seasons and European environments. Tanio and Kato (2007) assessed Ppd-B1a and PpdD1a near-isogenic lines (NILs) in a short (8 h) photoperiod in Japan, with PI NILs flowering significantly earlier than the PS recurrent parent. Under field conditions in western Canada, Dyck et al. (2004) reported that non-PI NILs were later to head, later maturing, taller, and higher yielding when compared with phenotypically derived PI NILs (Dyck et al., 2004) . Hanocq et al. (2004) described a continuous normal distribution for heading date in a single seed descent RIL population in northern France, with earliness QTLs detected on 2B and 2D attributed to the early parent, 'Récital'. Herndl et al. (2008) described PS lines as having a 4-10 d delay in flowering compared with PI lines under field conditions in Germany. Bentley et al. (2011) reported that 'Paragon' NILs with a Ppd-A1a or Ppd-D1a allele flowered earlier than those with the Ppd-B1a allele in a short photoperiod, with Shaw et al. (2012) finding that 'Paragon' NILs with two PI mutations flowered earlier than the respective single PI mutant NILs. In combination, Ppd-A1a+Ppd-D1a NILs produced the earliest flowering phenotype in a short photoperiod (Shaw et al., 2012) .
In this study, four PI and four PS Ppd alleles, representing allelic variation at Ppd-A1, Ppd-B1, and Ppd-D1, were introgressed into the elite UK winter wheat cultivars 'Robigus' and 'Alchemy'. Marker-assisted backcrossing and selfing was used to recover homozygous BC 2 F 4 lines. It is hypothesized that the A-, B-, and D-genome alleles of Ppd provide a range of flowering times by conferring different degrees of photoperiod (in)sensitivity. These effects, plus any dependence upon genetic background, were quantified in short, natural, and extended photoperiods to characterize their effect on flowering time definitively. Diagnostic markers and the availability of the alleles in elite backgrounds will facilitate rapid introduction into commercial breeding programmes.
Materials and methods

Plant material
The elite UK-adapted winter wheat cultivars 'Robigus' and 'Alchemy' (neither of which has a Ppd-1a allele, and are both therefore PS) were selected as recurrent parents (Table 1) . Development of BC 2 F 4 lines in two recurrent backgrounds facilitated the evaluation of genetic background effects. Five cultivars, three synthetic hexaploid wheat (SHW) lines and two single chromosome substitution lines, were selected as Ppd allele donors (Table 1) . With the exception of SHW lines SHW_131 (Cid: 154094) and SHW_173 (Cid: 160224) provided by CIMMYT, seeds of recurrent parents and donors were sourced from the John Innes Centre (JIC) Germplasm Resources Unit. To ensure no interaction with photoperiod response, the vernalization requirement of winter-adapted germplasm was satisfied with 8 weeks cold treatment at 6 ºC with an 8 h photoperiod applied to 2-week-old seedlings.
BC 2 F 4 line development Primary crosses were made between recurrent parents and allele donors (Table 1) in Spring 2007 at JIC, Norwich, UK. F 1 progeny from primary crosses were backcrossed twice using the recurrent parent as the pollen recipient to derive BC 2 plants. Allele-specific markers were used to select Ppd heterozygous progeny from each backcross generation, with information on the BC 1 /BC 2 stream derivation recorded to allow analysis via family structure to ameliorate latent background heterozygosity. Homozygous progeny lines with (+) or without (-) the donor Ppd-1 allele were marker selected from the BC 2 F 2 generation and selfed to produce BC 2 F 4 lines for phenotyping. Marker-assisted backcrossing has continued to BC 4 to provide fixed NILs for future analysis.
DNA extraction, and Ppd and vernalization-1 (Vrn-1) allele detection Genomic DNA was extracted from 2-week-old seedlings using a modified Tanksley extraction method (Fulton et al., 1995) . The 'GS-105' Ppd-A1a allele was detected using previously described primers (Wilhelm et al., 2009 ) in a modified single reaction as described by Bentley et al. (2011) . The 'Chinese Spring' Ppd-B1a, 'Ciano 67' Ppd-D1a, 'Soissons' Ppd-D1a, and 'JIC SHW_GBR011' Ppd-D1b alleles were detected using previously described primers and amplification conditions (Beales et al., 2007) . The 'Timstein' Ppd-B1a copy number variant was detected using a Ppd-B1-specific quantitative TaqMan ® assay at IDna Genetics Ltd (Norwich, UK) (Diaz et al., 2012) .
The 'Cappelle-Desprez' Ppd-A1b allele was detected using the primers AgF3 (AGTCAGAGATATGCAGCAAC), HvR6-1 (TCTT CCCGAAGTTCCTCTC), and 219-R2 (TGCCGTTGATTGGCG AGAC). The 'Mercia' Ppd-D1b allele was detected using the primers 414F-F1 (ATGATGGTATTCTTGGGTGC), Mer-10KbIns-R5 (GCAAGTCTTCTCCATGGCG), and DgR4 (GGCACCATTTGA CAGGCAG). The 'Norstar' Ppd-D1b allele was detected using the primers HvF5-1 (TTGAGCTGAGCCTGAAGAG), Dg-R2 (GTCTAAATAGTAGGTACTAGG), HvF3 (AGGAGGAACAGA GGAAC), and TaPpdD1_NorDel_2 (GGCGGTGCAGGGTTGG AGC). Amplification conditions for the 'Cappelle-Desprez', 'Mercia', and 'Norstar' alleles were as described in the Supplementary data available at JXB online.
Syntenic resources in cereals, and markers from previous studies on the location of Ppd in wheat (Hanocq et al., 2004) were used in an attempt to identify polymorphic markers flanking Ppd on 2A, 2B, and 2D in order to minimize linkage drag and pleiotropic interactions. Classification of the Vrn-A1, Vrn-B1, and Vrn-D1 alleles present in the recurrent and donor parent lines was also made using previously described diagnostic markers for these genes (Yan et al., 2004; Fu et al., 2005; Diaz et al., 2012) (Table 1) .
Assessment of BC 2 F 4 lines in a short photoperiod glasshouse BC 2 F 4 lines were grown under a fixed short photoperiod (SP) to assess flowering time. A SP was provided by a photoperiod glasshouse with moving benches that transferred plants to a dark chamber after 8 h natural daylight from 15 July 2010 at JIC, Norwich. UK. Seven 'Alchemy' and four 'Robigus' allele variant combinations were included in the experiment, along with the recurrent parents 'Alchemy' and 'Robigus' ( Table 2) . Ppd lines were arranged adjacent to one another on the bench as full sib pairs (+/-donor allele, from a single segregating BC 1 family) with BC 2 F 4 pairs randomized across two benches (blocks). The number of days to Zadoks GS55 (50% ear emerged from the flag leaf) (Zadoks et al., 1974) was recorded on the primary stem of each plant. The experiment was unequally replicated due to limited seed, but a minimum of six replicate plants were assessed for each BC 2 F 4 line ( Table 2) . After 123 d exposure to SP, the experiment was terminated.
The proportion of plants flowering within the time frame of the experiment for each +/-donor Ppd allele combination was assessed using a binomial generalized linear model with a logit link function in Genstat v12 with an adjusted dispersion parameter (based on the residual deviance) of 0.487. Flowering was modelled using the Kaplan-Meier survival analysis as implemented in the 'survival' package of R version 2.14.0 for Windows (http://cran.r-project.org) with 
a Vrn-1 allele combination based on PCR assays (Yan et al., 2004; Fu et al., 2005) , with Vrn-A1 copy number (Diaz et al., 2012) in parentheses.
b Wilhelm et al. (2009) . c Beales et al. (2007) . d Diaz et al. (2012) .
results displayed using the 'survplot' package. Survival analysis is a collection of methods for the modelling of time to an event. In this statistical context, the 'event' need not be death and, in the context of this paper, 'survival' refers to maintenance of a plant in a vegetative state: the 'event' is the onset of flowering. Parametric models were fitted assuming a log-logistic distribution of flowering time. Data on each donor were analysed separately, with factors fitted to account for the available combinations of recipient background and target Ppd allele. For donors in which BC 2 F 4 lines with all four combinations of recipient background and Ppd allele were available (Table 3) , significance tests were conducted separately for allele and background effects, and their interaction. In fitting regressions, the 'cluster' option in R was used to group plants within separate BC 1 and BC 2 streams, accounting for the non-independence among observations. Analysis of the data for lines flowering within the 123 d time frame of the experiment was performed using the REML (residual maximum likelihood) function in Genstat v12. Background and allele donor terms were fixed in the model, with the BC 2 stream nested in the BC 1 stream and both assigned as random terms, accounting for non-independence, as above. Probability values for the detection of the introgressed allele (rather than background effect) were calculated for each allele donor (Table 2) .
Field assessment of BC 2 F 4 lines in a natural and extended photoperiod
Two field trials were conducted in 2010/11, one at NIAB, Cambridge (52º13'N, 04º59'E) and one at KWS near Thriplow (52º6'N, 0º6'E), both in Cambridgeshire, UK. Flowering time was recorded in the field under a natural photoperiod (NP) in both trials. In addition, at KWS, flowering time was recorded under an extended long day (16 h) photoperiod (EP).
At NIAB, 'Alchemy' (nine allele variant combinations) and 'Robigus' (eight allele variant combinations) BC 2 F 4 lines ( c Predicted means from REML accounting for BC 1 /BC 2 structure (letters assigned based on significant differences at a 95% confidence level). d Average reductions in predicted mean relative to the recurrent parent. e Probability that the + donor allele line is homozygous at a non-recurrent allele (effect arising from background variation) in addition to being homozygous at the selected Ppd locus in the BC 2 F 4 generation based on the number of + donor allele lines included in the experiment. were sown on 25 October 2010. Each line was planted as an individual Hege 95B precision drill plot (six rows) in a randomized complete block design. The number of days to GS55 (Zadoks et al., 1974) from 25 October 2010 was recorded when 50% of spikes in a plot had reached GS55 (Zadoks et al., 1974) . Data recorded on individual plots (lines) were analysed using REML with fitted and random terms assigned as in the SP experiment. At KWS, comparison of NP versus EP was recorded. Seeds of selected lines (Table 5) in both genetic backgrounds were sown on 22 October 2010. Each accession was sown as a single row of a Hege 95B precision drill plot. Pairs of contrasting homozygote BC 2 F 4 lines were planted side by side in both experiments. EP was achieved with supplementary field lighting (25 W clear glass tungsten bulbs suspended 1 m above the centre of plot-pairs at 37.5 cm intervals) during the pre-dawn night to extend the daylength to 16 h. The EP regime ran from the shortest day (22 December 2010) until 2 weeks after GS31 (first node detectable) (Zadoks et al., 1974 ) (23 May 2011 . Plots under NP treatment were separated from EP plots by at least 3 m. The number of days to GS39 (flag leaf emergence), GS59 (ear emergence), and GS61 (start of anthesis) (Zadoks et al., 1974) after 1 April 2011 were recorded on the primary ears for each row (line). Scores were adjusted to number of days to flowering from 25 October 2010, and all data were analysed with REML, with photoperiod treatment added to the fitted model terms described above. The BC 1 /BC 2 terms were removed from the random model as they had negative estimates.
Results
A total of 341 BC 2 F 4 lines ('Alchemy', 84 + donor allele/83 -donor allele; 'Robigus', 70 + donor allele/104 -donor allele) were developed in the current study. Potential flanking markers were identified, but were not used in selecting the BC 2 F 4 lines as they were not polymorphic on the parents (data not shown).
Statistically significant flowering time effects were recorded for all photoperiod treatments. In the SP and NP (NIAB) experiments, a significant interaction was detected between the recipient genetic background and allele donor (P < 0.001 and P=0.041, respectively), with the flowering time (days to GS55) effect conferred by an allele dependent on the genetic background. In the KWS NP and EP experiments, no significant interaction with background was detected at any growth stage, although individual allele effects were significant (P < 0.001). In the SP experiment, not all lines flowered within the 123 d time frame, so comparisons were made with the relevant recurrent parent. In the NP and EP experiments, all lines flowered, and comparisons were made between BC 2 F 4 lines with (+) and without (-) the donor allele.
D-genome effects
The Ppd-D1a allele gave the earliest flowering phenotype in the SP (Table 2 ) and NP (NIAB) ( Table 4 ) experiments, although background and allele donor source effects were observed. In the SP experiment, the 'Soissons' Ppd-D1a allele reduced the time to GS55 by 42 d in both 'Alchemy' and 'Robigus' backgrounds, and by 9 d in the NP (NIAB) experiment. The 'Ciano67' Ppd-D1a allele gave the same reduction in the 'Alchemy' background in NP (NIAB) (9 d), but reduced flowering to a lesser extent than the same allele from 'Soissons' in the SP experiment (33 d 'Alchemy' background; Predicted means to GS59 from REML accounting for BC 1 /BC 2 family structure (letters assigned to values based on differences at a 95% confidence level separately for each photoperiod treatment). e Average reductions in predicted mean days to GS59 relative to the corresponding -donor allele homozygote.
24 d 'Robigus' background) and by only 6 d in a 'Robigus' background in the NP (NIAB) experiment.
A similar effect was also detected for the 'Ciano67' PpdD1a allele in the NP and EP (KWS) experiments. In NP (KWS), the 'Ciano67' Ppd-D1a allele reduced days to GS39 by 5 d and to GS59 by 4 d, in contrast to the same allele from 'Soissons' which reduced days to GS39 by 6 d and to GS59 by 8 d. The EP treatment compressed the early flowering time effect, reducing time to GS39 by 3 d and GS59 by 5 d in 'Soissons' lines, and more severely in the 'Ciano67' lines (1 d reduction to both GS39 and GS59).
There was little evidence that the PS Ppd-D1b (JIC SHW_GBR011; 'Mercia'; 'Norstar') alleles either promoted or delayed flowering in the natural or extended photoperiod treatments (Tables 4, 5 ). In the SP experiment, a small number of the Ppd-D1b lines in the 'Alchemy' background flowered in the experimental time frame (four lines of JIC SHW_GBR011; four lines of 'Mercia'), giving a significant reduction in days to GS55 compared with 'Alchemy'.
A-genome effects
Major reductions in flowering time were also observed for the PI Ppd-A1a allele. In the SP experiment (Table 2) , the allele reduced days to GS55 by 38 d in an 'Alchemy' background, a stronger effect than observed for the 'Ciano67' Ppd-D1a allele. In the NP (NIAB) experiment, the allele gave either a 7 d or 5 d reduction, dependent on allele source (from SHW_131 and SHW_173, respectively), with this being slightly less than the reduction conferred by the Ppd-D1a allele in the same experiment. The SHW_131 Ppd-A1a allele gave the strongest recorded reduction in days to GS39 in the NP (KWS) experiment (10 d) (compared with an 8 d reduction from the 'Soissons' Ppd-D1a allele). This strong early flowering was not seen in the EP treatment, with the Ppd-A1a allele giving a 2 d reduction to both GS39 and GS59.
There was little evidence that the PS Ppd-A1b ('CappelleDesprez') allele either promoted or delayed flowering in the natural or extended photoperiod treatments (Tables 4, 5) . In short days in the 'Robigus' background, two of the 156 BC 2 F 4 'Cappelle-Desprez' Ppd-A1b plants flowered (compared with 16 of the 30 'Robigus' control plants) and gave a significant reduction in days to GS55 compared with 'Robigus'.
B-genome effects
The Ppd-B1a allele gave moderate flowering time reductions across experiments. In the SP experiment, the 'Chinese Spring' Ppd-B1a allele gave a large (35 d) reduction in 'Alchemy', with the 'Timstein' Ppd-B1a allele giving a more moderate 24 d ('Robigus') and 14 d ('Alchemy') reduction. Under NP (NIAB), the 'Timstein' allele gave a 5 d reduction in 'Alchemy', compared with a 2 d reduction in 'Robigus', with the 'Chinese Spring' allele also giving a 2 d reduction ('Robigus' only).
In the NP (KWS) experiment, no early flowering effect was recorded for the 'Chinese Spring' allele, with the 'Timstein' allele again giving a moderate 3 d (GS39) and 1 d (GS59) reduction. In the EP (KWS) treatment, no effect was detected for the 'Timstein' allele, and the 'Chinese Spring' allele gave no reduction to GS39, but relatively strong reduction to GS59 (4 d). Both 'Chinese Spring' and Chinese Spring (Timstein 2B) donor lines had a dominant spring allele at Vrn-D1 (Table 1) .
Survival analysis
In the SP experiment, lines were grown with 8 h of natural light for 123 d. The accumulated analysis of deviance for the logistic regression indicated significant (χ 2 <0.001) terms for background and allele donor influencing the proportion of lines flowering within the experimental time frame. Table 3 summarizes significance tests based on a parametric model of flowering time fitting a log-logistic distribution for each set of donor lines.
Significant differences in rate of flowering were detected for six out of 10 Ppd allele donors (Table 3) For four donors ('Ciano67', 'Soissons', 'Cappelle-Desprez', and 'Timstein'), all combinations of background ('Alchemy' or 'Robigus') and allele type (+/-) were observed and separate significance tests were carried out for background, +/-donor allele, and their interaction. Very few 'Cappelle-Desprez' lines flowered, as described above. For the remaining three donors, differences between lines + and lines -the donor allele were always significant, with lines + PI allele always flowering most rapidly (Fig. 1) . Recipient background was significant for donors 'Ciano67' and 'Timstein', but not for 'Soissons', and a significant interaction between background and +/-donor allele was also detected for donor 'Timstein'. However, this interaction may result from the bad fit of the log-logistic survival curves for this donor (Fig. 1) .
Discussion
The development of an allelic series of Ppd BC 2 F 4 lines has provided the opportunity to characterize comprehensively the flowering time effects of a range of PI and putative PS alleles in multiple genetic backgrounds. In the current study, BC 2 -derived lines carrying various Ppd-1 alleles on 2A, 2B, and 2D, some of which were previously uncharacterized, were developed and their flowering time effect determined in SP, NP, and EP to assess relative allele potency, and the degree of photoperiod (in)sensitivity conferred.
Numerous previous authors (Law et al., 1978; Worland et al., 1996; Dyck et al., 2004; Tanio and Kato, 2007) have reported striking reductions in flowering time conditioned by Ppd-D1a. In the current study, Ppd-D1a was introgressed from two sources with no recorded pedigree overlap: the French cultivar 'Soissons' ('Iena'×'HN35') and the Mexican cultivar 'Ciano67' [(Pitic-62/Chris-sib)×'Sonora-64']. The 'Soissons' Ppd-D1a allele had a potent flowering time-reducing effect across backgrounds and photoperiod treatments, whilst the same allele from 'Ciano67' had a similar effect in 'Alchemy' in NP (NIAB) but was significantly less potent in all other treatments, especially in the 'Robigus' recipient background. It is possible that the 'Ciano67' source carries tightly linked gene(s) or unexplored functional variation at Ppd-D1 that specifically interact with loci in 'Robigus' to retard flowering, a phenomenon that has not been previously reported for this variety. This could be investigated using the developed germplasm in a 'Robigus (Ciano67 Ppd-D1a)'×'Robigus (Soissons Ppd-D1a)' cross. It is possible that a homoeolocus of the earliness per se QTL on 2B closely linked to Ppd-B1 (Shindo et al., 2003) could be responsible for this modifying effect.
The Ppd-A1a allele from SHW_131 and SHW_173 ('GS-105' type) gave a consistent early flowering time phenotype in SP and NP. There are no previous reports on the effect of this durum-derived allele in bread wheat under field conditions, although Bentley et al. (2011) showed BC 4 F 2 NILs for the 'GS-100' Ppd-A1a allele (not assessed in the current study) in the spring wheat 'Paragon' to have an intermediate effect on flowering compared with the stronger Ppd-D1a and weaker Ppd-B1a allele in a controlled SP (10 h). The 'GS-105' PpdA1a allele (introgressed in the current study) was reported to have a flowering time effect approximately equal to that of the 'Timstein' type Ppd-B1a allele and weaker than that of the 'GS-100' Ppd-A1a allele (Bentley et al., 2011) , a result consistent with observations in durum wheat (Maccaferri et al., 2008; Wilhelm et al., 2009) . The performance of the 'GS-105' Ppd-A1a allele across photoperiod treatments in the current study indicates that it is closer in strength to the PpdD1a allele than to Ppd-B1a in a hexaploid wheat background. Furthermore, in the NP (KWS) comparison, SHW_131 PpdA1a lines (two observations only) were significantly earlier to GS39 than Ppd-D1a lines, suggesting a potentially different mode of action, namely enabling a relative increase in the length of the construction phase (from GS31) of ear development. Again, this is a question that can be investigated further using the developed germplasm.
Ppd-A1a is, therefore, a potent novel source of earliness for hexaploid bread wheat and it is interesting to consider whether this allele (and also the 'GS-100' Ppd-A1a allele) offers a flowering and/or yield advantage over existing PI alleles on 2B and 2D, either individually or in combination. The availability of an additional strong PI allele may provide previously unavailable flexibility in manipulating flowering time. The proximity of the reduced height gene Rht-8 to Ppd-D1a means that earliness is often achieved in combination with reduced height (Sip et al., 2010) , and although 20 cM reportedly separates Rht-8 from Ppd-D1a, this linkage is rarely broken in varieties (Gasperini, 2010) . The availability of a PI allele of comparable strength on a different chromosome could be utilized in situations where Rht-8 is not required. For example, Sip et al. (2010) reported that when Rht-8 is combined with other Rht genes the resultant reduction in stature can be too severe in areas that experience heat stress during ear emergence, resulting in a reduction in spike fertility. Ppd-A1a could also be used in situations where earliness from Ppd-B1a is not suitable because of linkage with undesirable alleles of other genes on 2BS such as the Vir gene controlling viridescence (Simmonds et al., 2008) or resistances to orange wheat blossom midge (OWBM) , Soil-borne cereal mosaic virus (SBCMV) (Bayles et al., 2007) , or leaf rust .
In the current study, the Ppd-B1a alleles from 'Chinese Spring' (4×Ppd-B1 haploid copy number) and 'Timstein' (3×Ppd-B1 haploid copy number) conditioned a significant reduction in flowering time in both backgrounds, although their effect was not as potent as that of Ppd-D1a and Ppd-A1a. This is in agreement with previous observations (Worland, 1996; Bentley et al., 2011; Diaz et al., 2012) . In the SP experiment in the 'Alchemy' background, the 'Chinese Spring' PpdB1a allele (×4 copy number) had a significantly stronger effect on reducing flowering time compared with the 'Timstein' PpdB1a allele (×3 copy number) which contrasts with the results of Diaz et al. (2012) , suggesting a background effect.
In the EP experiment, the 'Chinese Spring' Ppd-B1a lines significantly reduced time to GS59 but not to GS39. Diaz et al. (2012) observed differences in Ppd-B1 expression affecting flowering time in copy number variants including 'Chinese Spring', and it is possible that the expression of PI is activated only once the plant has initiated double-ridge formation. The lack of earliness in the NP treatment suggests that while the allele confers insensitivity in SP and EP, it may have additional sources of latent sensitivity. Gonzalez et al. (2005) has previously reported Ppd-B1a NILs as having a reduced measurable effect on flowering in natural photothermal conditions. Despite this, the Ppd-B1a alleles assessed in the current study are a robust source of moderate earliness for use in fine-tuning flowering time.
In the NP and EP experiments, all BC 2 F 4 lines without a PI allele were sensitive to photoperiod; that is, they flowered earlier in EP than in NP. Lines with a PI allele also flowered earlier in EP, with a further reduction conditioned by the specific PI allele, indicating that they show a reduced sensitivity compared with the wild type, or, alternatively, there could be added effects of PS alleles on the other genomes when the photoperiod is extended.
These findings contrast with those of Gonzalez et al. (2005) who reported that Ppd-D1a NILs were totally unresponsive when extended daylength (+6 h) was applied from the terminal spikelet to anthesis stage. However, the same authors reported that the lengths of the late reproductive phase in PpdB1a and wild-type plants were both reduced under extended daylength during the late reproductive phase, as was found in the current study with 'Timstein' Ppd-B1a BC 2 F 4 lines. One explanation for lack of correspondence between the results of Gonzalez et al. (2005) and the current study could be that in the EP experiment, daylength was extended right through the period of short days from mid-winter. Therefore, it is possible that Ppd-D1 is sensitive to daylength earlier in development, for example prior to the terminal spikelet stage. Additionally, the 'Chinese Spring' Ppd-B1a PI allele lines in 'Alchemy' had reduced sensitivity only after GS39. This is in contrast to the work of Tanio and Kato (2007) who reported both Ppd-B1a and Ppd-D1a alleles accelerating initiation of the doubleridge stage, and subsequent spike development (Tanio and Kato, 2007) . It is possible that a difference at the double ridge stage is most readily detected for strong alleles compared with weaker (i.e. Ppd-B1a) alleles. The lines created in this study will facilitate further study of the control of photoperiod (in) sensitivity at specific developmental stages with a view to enabling fine-tuning pre-and post-anthesis development to cater to specific environments.
Assessment of flowering time in SP was complex, as not all plants flowered. One simple option was to analyse only the data from plants flowering within the experimental time frame, thereby ignoring information on differing rates of flowering. To avoid this, a 'survival analysis', commonly used in medical science to analyse outcomes such as survival rates over the course of an experiment, was implemented. The Kaplan-Meier plots (Fig. 1) provide a simple way of displaying information on both the total number of individuals to flower and the variability in flowering rates, and a similar approach was previously adopted to study time to flowering in maize mutants (Vermerris and McIntyre, 1999) . The fitting of parametric curves to the data allowed testing of multiple factors and their interactions in a model fitting framework. Log-logistic curves were used for this purpose as empirically they gave the best fits to the data (data not shown). Nevertheless, this approach is not a panacea: the fit for donor 'Timstein' is poor and it is noteworthy that this is also the only donor for which there is an interaction between +/-donor allele and recipient background. Generally, however, the results from the survival analysis agree well with those from the other photoperiod treatments. For example, lines with the 'Soissons' Ppd-D1a allele flowered rapidly in SP, with lines from both recipient background showing similar flowering rates (Fig. 1) . Once flowering began, there was a short period in which the majority of lines flowered. In contrast, lines with the 'Ciano67' Ppd-D1a allele showed significantly different rates of flowering dependent on background ('Alchemy' faster as compared with 'Robigus') as observed in the other treatments, coupled with a longer period of flowering for the 'Robigus' lines (Fig. 1) .
A total of 25 genome-specific markers targeted to the Ppd region were successfully developed using syntenic resources (data not shown) but were not applied as they were not polymorphic in the parental lines. Additional marker types, for example single-strand conformation polymorphism (SSCP) (Orita et al., 1989) , conversion of mapped diversity arrays technology (DArTs) (Kilian et al., 2003) , iDArTs (Huang et al., 2012) , or single nucleotide polymorphisms (SNPs) from next-generation sequencing may rectify this, although it is possible that the region around Ppd is monomorphic, particularly on 2D where a high degree of genomewide linkage disequilibrium is well documented (Bossolini et al., 2006; Dubcovsky and Dvorak, 2007) .
As no flanking marker screening was used in developing the BC 2 F 4 lines, it is probable that some have flowering time modifier genes (i.e. earliness per se) inherited from the donor. This may account for some of the variation in flowering relative to the recurrent parent observed, namely in lines carrying wild-type Ppd alleles. Eagles et al. (2010) reported that the flowering time effect of a Ppd-D1 allele depended on the Vrn-1 genotype, with the Ppd-D1a allele conferring the greatest effect in the presence of three dominant spring alleles. Although these authors did not consider the interaction between alleles of Ppd on 2A or 2B, it is possible that flowering differences are due to unlinked Vrn-1 alleles (i.e. 'Robigus' has a haploid Vrn-A1 copy number of one, compared with two copies in 'Alchemy'). However, Shindo et al. (2003) reported that Ppd-B1a [which was the only allele in the current study contributed by a donor with a dominant spring vernalization allele (Vrn-D1)] cannot exert an effect on heading date until the vernalization requirement has been completely fulfilled. The influence of PI alleles in combination was not examined in this study, but parallel work in a spring wheat background shows that combining Ppd-1a alleles on different genomes enhances the early flowering phenotype (Shaw et al., 2012) . This makes it of interest to test Ppd-1a combinations further. Previous reports (Hanocq et al., 2004) on the earliness conferred by 'Récital' (Ppd-B1a; Ppd-D1a) have described a highly epistatic but incomplete relationship between the two alleles which should be considered in future NIL development. It has previously been anecdotally observed that 'Soissons' (Ppd-D1a only) flowers earlier under UK field conditions than 'Récital' (Ppd-B1a, Ppd-D1a), suggesting that there are other factors in the background of 'Récital' that delay flowering, or that suppression factor(s) similar to those hypothesized for 'Ciano67' retard the effect of Ppd-D1a on flowering. Clearly, the effects of individual and combined Ppd-A1a, Ppd-B1a, and Ppd-D1a alleles should be assessed in more detail, and this will benefit from the germplasm resources developed in the current study. Stacking of the alleles through intercrossing BC 4 NILs will allow further characterization of flowering phenotypes and other traits of interest, particularly yield, across environments and production systems.
Ppd-D1a, Ppd-A1a, and Ppd-B1a alleles have been shown to reduce flowering time in SP, NP, and EP in the current study. Although the magnitude of the response could be broadly summarized as Ppd-D1a>Ppd-A1a>Ppd-B1a, this varied according to allele donor, recipient background, photoperiod treatment, and growth stage assessed. There was also evidence of additional effects modifying the effectiveness of Ppd-1a.
As a result, it is necessary to consider background effects in order to regulate flowering and adaptation as effectively as possible. The phenotypic data and germplasm developed in this study will allow for additional precision in breeding hexaploid wheat with specific flowering time adaptation.
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Supplementary data are available at JXB online.
